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(57) ABSTRACT 

An improved efficiency thermoelectric System is disclosed 
wherein convection is actively facilitated through a thermo 
electric array. Thermoelectrics are commonly used for cool 
ing and heating applications. Thermal power is convected 
through a thermoelectric array toward at least one side of the 
thermoelectric array, which leads to increased efficiency. 
Several different configurations are disclosed to provide 
convective thermal power transport, using a convective 
medium. In addition, a control System is disclosed which 
responds to one or more inputs to make adjustments to the 
thermoelectric System. 
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EFFICIENCY THERMOELECTRICS UTILIZING 
CONVECTIVE HEAT FLOW 

REFERENCE TO PRIOR PROVISIONAL 
APPLICATION 

0001. This Application is related to and claims the benefit 
of the filing date of prior filed U.S. Provisional Patent 
Application No. 60/267,657, filed Feb. 9, 2001. 

BACKGROUND OF THE INVENTION 

0002) 1. Field of the Invention 
0003. The present invention relates to improved thermo 
electricS for producing heat and/or cold conditions with 
greater efficiency. 
0004 2. Description of the Related Art 
0005 Thermoelectric devices (TEs) utilize the properties 
of certain materials to develop a thermal gradient across the 
material in the presence of current flow. Conventional ther 
moelectric devices utilize P-type and N-type Semiconduc 
tors as the thermoelectric material within the device. These 
are physically and electrically configured in Such a manner 
that they provide cooling or heating. Some fundamental 
equations, theories, Studies, test methods and data related to 
TEs for cooling and heating are described in H. J. Goldsmid, 
Electronic Refrigeration, Pion Ltd., 207 Brondesbury Park, 
London, NW2 5JN, England (1986). The most common 
configuration used in thermoelectric devices today is illus 
trated in FIG. 1. Generally, P-type and N-type thermoelec 
tric elements 102 are arrayed in a rectangular assembly 100 
between two Substrates 104. A current, I, passes through 
both element types. The elements are connected in Series via 
copper shunts 106 soldered to the ends of the elements 102. 
A DC voltage 108, when applied, creates a temperature 
gradient acroSS the TE elements. TES are commonly used to 
cool liquids, gases and objects. FIG. 2 for flow and FIG. 3 
for an article illustrate general diagrams of Systems using the 
TE assembly 100 of FIG. 1. 
0006 The basic equations for TE devices in the most 
common form are as follows: 

1 1 
tic = a T. - FR-KAT (1) 

q=CIAT+I-R (2) 

12 (3) 
q = a(T, +51-R-KAT 

0007 where q is the cooling rate (heat content removal 
rate from the cold Side), q is the power input to the System, 
and q is the heat output of the System, wherein: 

O008) 

0009) 

0010) 

0011) 

O=Seebeck Coefficient 

I=Current Flow 

T=Cold side absolute temperature 

T=Hot Side absolute temperature 
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0012 R=Electrical resistance 
0013 K=Thermal conductance 

0014. Herein C, R and K are assumed constant, or suit 
ably averaged values over the appropriate temperature 
rangeS. 

0015 Under steady state conditions the energy in and out 
balances: 

Taih (4) 

0016 Further, to analyze performance in the terms used 
within the refrigeration and heating industries, the following 
definitions are needed: 

f3 = 3 = Cooling Coefficient of Performance (COP) (5) 
4in 

y = 4h - Heating COP (6) 
(in 

0017) From (4); 

4e 9in 4h (7) 
(in ein in 

B+1=y (8) 
0018 So B and Y are closely connected, and y is always 
greater than Bby unity. 
0019. If these equations are manipulated appropriately, 
conditions can be found under which either B or Y are 
maximum or q, or q are maximum. 
0020) If B maximum is designated by B, and the COP 
for q maximum by B, the results are as follows: 

T 
T v 1 + ZT - T (9) 

f3 = -- – - AT: V1 + ZT, + 1 
1 10 ZT- ar (10) f = 2 - 

C ZTT, 

where; 

2 op (11) 
Z = z = -- = Figure of Merit RR 

T. --Ti, (12) 
T = - 

R=pxlength/area (13) 
K=Wxarea?length (14)h 
W= Material Thermal Conductivity; and (15) 
p=Material Electrical Resistivity (16) 

0021 Bm and Bc depend only on ZT, and T. Thus, Z is 
named the figure of merit and is basic parameter that 
characterizes the performance of TE Systems. The magni 
tude of Zgoverns thermoelectric performance in the geom 
etry of FIG. 1, and in most all other geometries and usages 
of thermoelectrics today. 
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0022. For today's materials, thermoelectric devices have 
certain aerospace and Some commercial uses. However, 
usages are limited, because System efficiencies are too low 
to compete with those of most refrigeration Systems employ 
ing freon-like fluids (such as those used in refrigerators, car 
HVAC systems, building HVAC systems, home air condi 
tioners and the like). 
0023 The limitation becomes apparent when the maxi 
mum thermoelectric efficiency from Equation 9 is compared 
with C, the Carnot cycle efficiency (the theoretical maxi 
mum system efficiency for any cooling System); 

(17) 

0024 Note, as a check if Z ->OO, B->C. 
0.025 Several commercial materials have a ZTA 
approaching 1 over Some narrow temperature range, but 
ZT is limited to unity in present commercial materials. 
Typical values of Z as a function of temperature are illus 
trated in FIG. 4. Some experimental materials exhibit 
ZTA=2 to 4, but these are not in production. Generally, as 
better materials may become commercially available, they 
do not obviate the benefits of the present inventions. 
0.026 Several configurations for thermoelectric devices 
are in current use in applications where benefits from other 
qualities of TES outweigh their low efficiency. Examples of 
uses are in automobile Seat cooling Systems, portable coolers 
and refrigerators, liquid cooler/heater Systems for Scientific 
applications, the cooling of electronicS and fiber optic Sys 
tems and for cooling of infrared Sensing System. 

0.027 All of these commercial devices have in common 
that the heat transport within the device is completely 
constrained by the material properties of the TE elements. In 
Sum, in conventional devices, conditions can be represented 
by the diagram in FIG. 5. FIG. 5 depicts a thermoelectric 
heat exchanger 500 containing a thermoelectric device 501 
sandwiched between a cold side heat exchanger 502 at 
temperature T and a hot Side heat eXchanger 503 at tem 
perature T. Fluid, 504 at ambient temperature TA passes 
through the heat exchangers 502 and 503. The heat exchang 
ers 502 and 503 are in good thermal contact with the cold 
side 505 and hot side 506 of the TE 501 respectively. When 
a DC current from a power Source (not shown) of the proper 
polarity is applied to the TE device 501 and fluid 504 is 
pumped from right to left through the heat eXchangers, the 
fluid 504 is cooled to T- and heated to T. The exiting fluids 
507 and 508 are assumed to be at T and T respectively as 
are the heat exchangers 502 and 503 and the TE device's 
surfaces 505 and 506. The temperature difference across the 
TE is AT, 

0028 Summary of the Invention 
0029 None of the existing TE assemblies modify the 
thermal power transport within the TE assembly by the 
application of outside influences. An improved efficiency 
thermoelectric device is achieved by generally Steady State 
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convective heat transport within the device itself. Overall 
efficiency may be improved by designing Systems wherein 
the TE elements are permeable to the flow of a heat transport 
fluid, transport thermal energy to a moving Substance, or 
move the TE material itself to transport thermal energy. It 
should be noted that the term “heat transport” is used 
throughout this specification. However, heat transport 
encompasses thermal energy transfer of both removing heat 
or adding heat, depending on the application of cooling or 
heating. 
0030. One aspect of the present invention involves a 
thermoelectric System having a plurality of thermoelectric 
elements forming a thermoelectric array. The array has at 
least one first Side and at least one Second Side exhibiting a 
temperature gradient between them during operation. In 
accordance with the present invention, at least a portion of 
the thermoelectric array is configured to facilitate convective 
heat transfer through the array. To accomplish this, the array 
is configured to permit flow of at least one convective 
medium through the at least a portion of the array to provide 
generally Steady-state convective heat transport toward at 
least one side of at least a portion the thermoelectric array. 
The thermoelectric System may be used for cooling, heating 
or both cooling and heating. 
0031. In one embodiment, the convective medium flows 
through at least Some of the thermoelectric elements or 
along the length, between and/or around the thermoelectric 
elements. In another embodiment, the convective medium 
flows both along and through the thermoelectric elements. In 
one preferred embodiment, to permit flow through the 
thermoelectric elements, the elements may be permeable or 
hollow. A combination of both permeable and hollow ele 
ments may also be used in an array. In one embodiment, the 
elements are porous to provide the permeability. In another 
embodiment, the elements are tubular or have a honeycomb 
Structure. 

0032. In one embodiment, flow of the convective 
medium occurs in a Single general direction, Such as from 
the first side to the second side or from a point between the 
first and Second Sides toward the first Side or the Second Side. 
In another embodiment, the convective medium flows in at 
least two general directions, Such as from between the first 
side and the second side toward the first side and toward the 
Second Side. All Such flows may be generally within or along 
the length of the thermoelectric elements (including in a 
spiral) or a combination thereof. 
0033. In one particular embodiment, at least some of the 
thermoelectric elements form concentric tubes with convec 
tive medium flow between the concentric tubes. In one 
embodiment, a first Set of concentric tubes forms a thermo 
electric element, with each tubular portion made from ther 
moelectric material of the same conductivity type as the next 
tubular portion in the Set of concentric tubes. In Such an 
embodiment, a Second Set of concentric tubes is formed of 
a thermoelectric material of a different conductivity type 
from the first Set. Alternatively, the tubes may concentrically 
alternate between p-type thermoelectric material and n-type 
thermoelectric material. 

0034. In another embodiment, at least part of the con 
vective medium is thermoelectric material. The convective 
medium thermoelectric material forms at least Some of the 
thermoelectric elements. In another embodiment, at least 
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part of the convective medium is thermoelectric material, 
with the convective medium thermoelectric material form 
ing a first portion of at least Some of the thermoelectric 
elements, and a Solid thermoelectric material forming a 
Second portion of the Same thermoelectric elements. For 
example, the Solid thermoelectric material is tubular or 
otherwise hollow, and the convective medium thermoelec 
tric material flows through the Solid thermoelectric material. 
The combination forms at least Some thermoelectric ele 
ments. In one embodiment, the convective medium is a fluid, 
Such as air, a Solid or a combination of a fluid and a Solid 
Such as a slurry. 

0035) In one configuration, a first plurality of the ther 
moelectric elements are configured for convective heat 
transport of a first type and a Second plurality of the 
thermoelectric elements are configured for convective heat 
transport of a Second type. For example, the first plurality of 
thermoelectric elements may be permeable, and the Second 
plurality may be thermoelectric elements made from the 
convective material moving through the array. An example 
of a division of elements is the first plurality being thermo 
electric elements of a first conductivity type and the Second 
plurality being thermoelectric elements of a Second conduc 
tivity type. In another embodiment, at least Some of the 
thermoelectric elements do not utilize convection, while 
others are configured for convection. For example, the 
thermoelectric elements that do not utilize convection are of 
a first conductivity type and the thermoelectric elements that 
utilize convection are of a Second conductivity type. 

0.036 Preferably, at least a portion of the array has at least 
one heat transfer feature that improves heat transfer between 
at least Some of the convective medium and at least Some of 
the thermoelectric elements. For example, where the ther 
moelectric elements are tubular or otherwise hollow, the heat 
transfer feature is inside at least Some of the thermoelectric 
elements. Where the convective medium flows along the 
outside of the thermoelectric elements, the heat transfer 
feature is between at least Some of the thermoelectric 
elements. An example of Such heat transfer feature is a 
convective medium flow disturbing feature. 

0037 Another aspect of the present invention involves a 
method of improving efficiency in a thermoelectric System 
having a plurality of thermoelectric elements forming a 
thermoelectric array. The thermoelectric array has at least 
one first Side and at least one Second Side exhibiting a 
temperature gradient between them during operation of the 
thermoelectric array. The method involves actively convect 
ing thermal power through at least a portion of the array in 
a generally steady-state manner. Generally, the Step of 
convecting thermal power involves flowing at least one 
convective medium through at least a portion of the ther 
moelectric array. The convective medium may be fluid, Solid 
or a combination of fluid and solid. The method may be used 
for cooling, for heating or for both cooling and heating 
applications. 

0.038. In one advantageous embodiment, the step of flow 
ing involves flowing at least Some of the convective medium 
through at least Some of the thermoelectric elements. For 
example, the thermoelectric elements are constructed to be 
permeable or porous. The thermoelectric elements may also 
be hollow, Such as having a tubular or honeycomb configu 
ration. 
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0039. In one embodiment, the step of flowing involves 
flowing the convective medium generally through the array 
from the first Side to the Second Side, or generally from 
between the first side and the second side toward the first 
Side or toward the Second Side. In another embodiment, the 
Step of flowing involves flowing the convective medium in 
at least two general directions, Such as flowing the convec 
tive medium generally from between the first side and the 
Second Side toward the first Side and toward the Second Side. 
The flow may be through at least some of the thermoelectric 
elements, along at least Some of the thermoelectric elements, 
through Some thermoelectric elements and along others, or 
any combination. 

0040. In one embodiment, the thermoelectric material 
forms at least a portion of the convective medium. In this 
embodiment, the method further involves the step of form 
ing a first portion of at least Some of the thermoelectric 
elements with the convective material. As a further alterna 
tive, the method in this configuration further involves the 
Step of flowing the convective medium thermoelectric mate 
rial through other thermoelectric material in a hollow form, 
the combination of the flowing convective medium thermo 
electric material and the thermoelectric material in a hollow 
form forming the at least Some thermoelectric elements. 

0041. In one embodiment of the method, the step of 
actively convecting involves convecting heat through a first 
portion of the array in a first manner and through a Second 
portion of the array in a Second manner. For example, the 
first portion of the array is a plurality of thermoelectric 
elements of a first conductivity type and the Second portion 
of the array is a plurality are thermoelectric elements of a 
Second conductivity type. 

0042. Yet another aspect of the present invention 
involves a thermoelectric System with a thermoelectric array 
having a plurality of thermoelectric elements and having at 
least one first Side and at least one Second Side. The first and 
Second Sides exhibit a temperature gradient between them 
during operation. At least a portion of the thermoelectric 
array is configured to permit flow of at least one convective 
medium through the at least a portion of the array to provide 
generally Steady-state convective heat transport toward at 
least one side of at least a portion the thermoelectric array. 
According to this aspect of the present invention, the System 
has at least one control System, with at least one controller, 
at least one input coupled to the controller, and at least one 
output coupled to the controller and to the thermoelectric 
array. The output is advantageously controllable by the 
controller to modify at least one characteristic of at least a 
portion of the thermoelectric array. The at least one input 
may be at least one external Sensor, at least one Sensor 
internal to the thermoelectric array, or a user Selectable 
input, Such as a Switch or a thermostat, or any combination 
of these. In one embodiment, the controller operates in 
accordance with at least one algorithm responsive to the at 
least one input to control the at least one output. 
0043 Preferably, the at least one characteristic impacts 
the convective heat transport, and the adjustment improves 
efficiency or power output by adjusting the characteristic. 
For example, the control System varies movement of at least 
Some of the convective medium in response to the input. In 
another embodiment, the control System adjusts other char 
acteristics, Such as the current through at least Some of the 
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thermoelectric elements. The adjustment of characteristics 
other than the convection may be alone or in combination 
with adjustment of the convection. 
0044) These and other aspects are described in more 
detail below in conjunction with the following figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

004.5 FIGS. 1A and 1B depict a conventional thermo 
electric device; 

0.046 FIG. 2 depicts a conventional thermoelectric 
device in a conventional fluid heating or cooling application; 
0047 FIG. 3 depicts a conventional thermoelectric ele 
ment for use in cooling a material or component; 
0.048 FIG. 4 depicts an efficiency measure of various 
thermoelectric materials, 
0049 FIG. 5 illustrates a generalized conditions diagram 
of conventional thermoelectric devices, 
0050 FIG. 6 illustrates a generalized block diagram of a 
thermoelectric System; 
0051 FIGS. 7A and 7B depict an embodiment of a 
conventional thermoelectric System; 
0.052 FIGS. 8A and 8B depict an embodiment of a 
thermoelectric System employing convective heat transport 
in accordance with the present invention; 

0053 FIGS. 9A and 9B depict another embodiment of a 
thermoelectric System in accordance with the present inven 
tion using a liquid thermoelectric material for convective 
heat transport, 

0054 FIG. 10 depicts a detailed illustration of a portion 
of the TE element array showing a tubular TE element; 
0055 FIG. 11 depicts a detailed illustration of a portion 
of the TE element array showing a tubular TE element with 
a heat transfer feature; 

0056 FIGS. 12A and 12B depict a detailed illustration 
of a portion of the TE element array showing a TE element 
composed of nested concentric tubes, 
0057 FIG. 13 depicts a detailed illustration of a portion 
of the TE element array showing convection along the length 
of the TE elements; 

0.058 FIGS. 14A and 14B depict a detailed illustration 
of a portion of the TE element array showing convection 
along the length of the TE elements with additional mixing 
created by a heat transfer feature; 
0059 FIGS. 15A and 15B depict a detailed illustration 
of a portion of the TE element array showing a TE element 
with a honeycomb Structure; 

0060 FIGS. 16A and 16B depict another embodiment of 
a thermoelectric System in accordance with the present 
invention using a Solid material as the convective heat 
transfer medium; 

0061 FIG. 17 depicts an existing device used to both 
heat and cool that can be improved in its efficiency by 
convective heat transfer in accordance with the present 
invention; and 
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0062 FIG. 18 depicts an embodiment with convective 
heat transfer of an improvement of the device of FIG. 17 in 
accordance with the present invention. 

0063 FIG. 19 illustrates a control system for use with 
thermoelectric Systems of the present invention. 

0064 FIGS. 20A-20D illustrate several variations of 
thermoelectric elements configured in a manner to vary their 
thermal and electrical characteristics. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0065. The invention is introduced using examples and 
particular embodiments for descriptive purposes. A variety 
of examples are presented to illustrate how various configu 
rations can be employed to achieve the desired improve 
ments. In accordance with the present invention, the par 
ticular embodiments are only illustrative and not intended in 
any way to restrict the inventions presented. In addition, it 
should be understood that the terms cooling Side, heating 
Side, cold Side, hot Side, cooler Side and hotter Side and the 
like do not indicate any particular temperature, but are 
relative terms. For example, the “hot,”“heating” or “hotter” 
Side of a thermoelectric element or array may be at ambient 
temperature, with the “cold,”“cooling” or “cooler” side at a 
cooler temperature than ambient. Conversely, the “cold, 
"cooling” or “cooler” side may be at ambient with the 
“hot,”“heating” or “hotter” side at a higher temperature than 
ambient. Thus, the terms are relative to each other to indicate 
that one Side of the thermolectric is at a higher or lower 
temperature than the counter-designated Side. Similarly, the 
terms “cooling Side' and “heating Side” are not intended to 
designate the particular use for a thermoelectric System in 
any given application. 

0066. A block diagram of an overall TE system 600 is 
shown in FIG. 6. A thermoelectric assembly 601 with hot 
side 603 and cool side 604 is electrically connected to a 
power source 602. The thermoelectric assembly 601 is in 
good thermal contact with a hot side heat exchanger 607 on 
the hot side 603 and with a cool side heat exchanger 608 on 
the cool side 604. Equipped with suitable ducts or pipes, 
Sources of fluid, 605 for the hot side 603 and 606 for the cool 
side 604, send their fluids through their respective heat 
exchangers 607 and 608. Heated fluid 609 and cooled fluid 
610 exit the system at the right in FIG. 6. For certain 
applications (with examples given below) one of the heat 
exchangers 607 or 608 may be replaced with a heat sink, 
thereby eliminating the need for a fluid source or fluid on 
that Side. 

0067. The present invention is based on the concept that 
the conductive/loSS heat transport terms in Equations 1 and 
3 which contain K and R, can be modified by the use of 
Steady State convection through the array So as to diminish 
their overall effect on system performance. How this can be 
accomplished can be understood by first looking at the 
equations that govern heat generation and flow in a conven 
tional TE. For simplicity, assume that material properties do 
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not change with current and temperature, heat and current 
flow are one-dimensional, and that conditions do not vary 
with time. For this case: 

{2T 12 (18) 

0068 where; 
FRL=the resistive heat generation per unit length. (19) 

0069. For TE systems with typical boundary conditions, 
Equation 18 has Equations 1 and 3 as Solutions. From 
Equation 3, the heating Source term (OIT) contributes to 
heat output at the hot side as does 2I-R, that is, one-half of 
the TE element resistive heating. Note that the other one half 
goes out the cold Side, as seen in Equation 1 (where it has 
the minus Sign Since it Subtracts from cooling). Further the 
heat output at the hot Side is reduced by the conductive loSS, 
KAT. Thus, Equation 3 shows that q is reduced by KAT and 
% of the 1°R heating within the TE elements. 
0070 Consider a comparison between conventional ther 
moelectric heating, and Systems that employ Steady State 
convective heat transport. If convection is added and the 
other assumptions are retained, Equation 18 becomes: 

kf--CM drif (20) = --PM + 

0071 where; 
CpM=Thermal mass of fluid transported per unit time. (21) 

0.072 The extra term leads to a new parameter 8, which 
is the ratio of convective to conductive heat transport. If it 
is assumed that the convective transport goes toward the hot 
end in the heating mode and the cold end in cooling, and 
appropriate boundary conditions are used, the Solutions to 
Equation 20 for cooling and heating become; 

(0) 21 
q = a T- PR - K(d)AT (21) 

qh = Q Th + spr - K(d)AT (22) 

0073 where; 

CpM (23) 
K 

2Y (6+ e - 1) (24) 
{(0)=() (1 - e.) 

K(t) = K 6e (25) (c) = (, 

0074) Notice that K(ö) is a function of 8 and approaches 
the conductive value K for 8->0. Also, for 620 a larger 
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portion of the IR heating is transported to the hot (in 
heating) or cold (in cooling) end. The term S(ö)/2->%when 
8->0 as expected. Approximate values for S(ö)and K(Ö)/K 
are given in Table 1. Note from Equation 2, that q is not a 
direct function of 6. Also, a condition is imposed on 6 by the 
energy balance requirement that CpMAT (the power 
required to heat or cool the fluid) cannot exceed qi (the heat 
generated by the TE) or q (the heat absorbed by the TE). 
Typically, this restricts 8 to less than 5. Actual improvement 
in COP for allowable values for Öranges up to about 100%. 
Similarly, q improves by up to about 50%. 

TABLE 1. 

8 3 (8) K (6)/K 

O 1.OOO 1.OOO 
.1 1.017 951 
.2 1.033 .903 
5 1.083 771 

1.O 1.164 582 
2.0 1313 313 
5.0 1.614 O34 

0075. In the heating mode, convection enhances perfor 
mance in two ways: first, a larger fraction of the heating is 
transported to the hot end, since (ö)<1 forö>0, and Second, 
K(ö)<K for Özö>0 so that less thermal power is lost to 
conduction. 

0076. The situation is more complex in cooling. To best 
understand cooling operation, consider the case where the 
waste Side is a heat Sink at ambient temperature. The 
convective medium enters at the waste Side and exits out the 
cold side. Thus the TE elements extract heat content from 
the medium thereby cooling it as it moves toward the cold 
side. The parameter K(ö)<K for 620 as in heating, so the 
conduction term diminishes with increased Ö as in heating. 
However this advantage is partially offset by an increase in 
the fraction of heating transported to the cold end by I'R 
heating. Nevertheless, the change in K(8) can be greater than 
S(Ö), for increasing 6, So that under most conditions q. 
increases with increased convection. The effect can be 
enhanced further by a decrease of the current I to a minimum 
optimum value from a higher value. While the thermal 
cooling decreaseS proportionally to the reduction in I, the 
resistive heating term decreases as the Square of I and hence 
more rapidly. Such current reduction can be utilized to offset 
further the increase in the resistive heating term from 
convection. The net result is that under many important 
practical operating conditions, cooling efficiency increases. 
Calculations for Specific TE Systems are required to deter 
mine conditions that exhibit gain when utilizing convective 
transport. 
0077. The basic concept of improvement in efficiency by 
Steady State convective heat transport through the array is 
explained using FIGS. 7 and 8. FIG. 7A depicts a conven 
tional TE system 700 without convective heat transport. A 
TE element array 701 is constructed with a hot side substrate 
702 and a cool side substrate 703 sandwiching a plurality of 
TE elements 704, electrically connected in series by cir 
cuitry 705. A power source 710 is applied across the TE 
array 701. The TE elements 704 and the circuitry 705 are in 
good thermal contact with each other and with the hot and 
cool side Substrates 702 and 703. On the cool side, a heat 
sink 706 is in good thermal contact with the cool side 
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substrate 703. From the standpoint of this TE system, the 
heat sink 706 is effectively infinite. On the hot side, a heat 
exchanger 707 is in good thermal contact with the hot side 
substrate 702. In this embodiment, the heat exchanger is a fin 
assembly. A fan 708 is a source of air 709 for the heat 
exchanger 707. When operating, electrical power from the 
power source 710 passes current through the TE elements 
704 and through circuitry 705 on the substrates 702 and 703. 
The TE elements 704 are connected so that the hot side 
substrate 702 becomes warm and heats the heat exchanger 
fins 707. The air 709 is pumped through fins (not explicitly 
shown) of the heat exchanger 707 by the fan 708 entering at 
the left at ambient temperature T and exiting at the right at 
temperature T. 

0078. An enlarged view of section B-B of the assembly 
701 is depicted in FIG. 7B with a corresponding tempera 
ture profile (not to scale), 711 within the TE elements 704. 
The location X=0 is the interface between the TE elements 
704 and circuitry 705 on the cold side substrate 703. 
Similarly, x=L is interface between the TE elements 704 and 
circuitry 705 on the hot side substrate 702. The temperature 
711 is T at x=0 and T at x=L. 
007.9 FIG. 8A depicts one embodiment of a TE system 
820 in accordance with the present invention. This TE 
system 820 is similar to the TE system 700 but has convec 
tive heat transport. The TE system 820 has many parts 
corresponding to those of the TE system 700 shown in FIG. 
7A which are labeled with the same reference numerals. 

0080. The TE system 820 has a TE element array 821 that 
has a permeable or porous thermoelectric elements 824, a 
manifold 828 within a cold side heat sink 826, holes 827 
which extend from the manifold 828 through the cold side 
substrate 823 and through circuitry 825. Similar holes 835 
extend from a heat exchanger manifold 829 through the hot 
side substrate 822 and the hot side circuitry 825. Preferably, 
between the TE elements 824 is a thermally and electrically 
insulating material 830. In the present embodiment, air (or 
other fluid) 709 is ducted by the manifold 828 through the 
porous TE element 824. The air 709 is then ducted out 
through a manifold 829. In the figure, the air 709 enters at 
the lower left at temperature TA and exits at the upper right 
at temperature T. Preferably, the air flow rate and the 
porosity of the TE elements are matched So that the air and 
TE element temperatures are nearly in equilibrium at any 
position within the active area of the elements. A fan 708 
controls the flow. As the air 709 passes through the TE 
elements 824 it absorbs heat content from the TE elements 
824 and carries the heat generated by the TE system 820 
through the manifold 829. 

0.081 Assuming C, R and Kare the same for TE systems 
700 and 820, the movement of the air 709 in FIG. 8 causes 
three profound changes. First, as the TE elements 824 are 
heated by the 1 R (resistive heating), a portion of the heat is 
convected toward the hot side and so a fraction of 1°R 
heating larger than %IR will move to the hot side. As a 
result, more of the 1°R heating will contribute to the qi term 
of Equation 3 resulting in more heat transfer to the heated 
fluid. Second, the conduction loss at x=0 is lower because 
the slope of the temperature profile is less at x=0. Third, the 
air exiting the System at X=L carries up to all of the heat 
content q. In Some cases of interest, the air carries all the 
heat content, and when it does, efficiency gain is greatest. 
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0082 FIG. 8B illustrates an enlargement of a portion 
along section 8B-8B of the TE array assembly 821 shown 
alongside the graph of temperature VS. position along the 
length of a TE element 824 for this configuration. Air flow 
709 through the TE elements 824 is depicted. A correspond 
ing temperature profile 831 of both the air 709 and the 
porous elements 824 (preferably assumed to be near equi 
librium or equilibrium at all positions, x) is shown to the 
right. The temperature profile 831 in the graph in FIG. 8B 
shows that while the temperature reaches T at L, just like 
the profile 711 for the TE system 700 in FIG. 7B, its shape 
for TE system 820 has greater curvature with less tempera 
ture rise near x=0. Generally, the TE system 820 offers 
greater efficiency, and hence has lower power consumption 
and operating costs to achieve a temperature T for the same 
amount of air flow as compared to the system in FIG. 7A. 
0083. It should be noted that for the embodiment of FIG. 
8, as well as other embodiments herein, although a single 
hotter Side Substrate and Single cooler Side Substrate are 
generally depicted, a TE System in accordance with the 
present invention may Stack TE arrays, or otherwise have 
multiple colder Side Substrates and multiple hotter Side 
Substrates. 

0084 Another embodiment of a TE system 900 that 
employs convective heat transport in accordance with the 
present invention is shown in FIG. 9. This embodiment has 
a TE array 92.1 made up of TE elements 902, hot and cold 
side substrates 922, 923, circuitry 925, heat sink 906, heat 
exchanger 907, pumps 909, and holes 927, 931 through the 
circuitry and substrates 922, 923. Two heat transfer fluids 
911, 912 are thermoelectric materials that constitute the TE 
elements 902. The two heat transfer fluids, N-type 912 and 
P-type 911, occupy the space between the cold side substrate 
923 and the hot side substrate 922. Heat transfer fluids 911, 
912 are also contained within heat exchangers 908 that are 
connected to two finned tube arrays which are electrically 
insulated from one another. There are two Sets of channels 
910 in the cool side heat Sink 906. 

0085. The heat transfer fluids 911,912 consist of N- and 
P-type liquid TE materials. One example of liquid TE 
materials is a mixture of Thallium and Tellurium (p-type) at 
temperatures (above room temperature) where it becomes 
liquid, and a mixture of mercury/rubidium (n-type). Some 
such materials are described by A. F. Loffe, in Semiconduc 
tor Thermal Elements, and Thermoelectric Cooling, Infos 
earch, London, 1957. Another example is P-type Bismuth 
Telluride slurried in mercury and N-type Bismuth Telluride 
Slurried in mercury. 
0.086 FIG.9B illustrates an enlarged view of a portion of 
the TE array 921. As depicted in FIG. 9B, the heat transfer 
fluids at the point at which they form TE elements 902 are 
contained within Sleeves 924. Advantageously, the Sleeves 
924 are electrically insulative and have a thermal conduc 
tivity that is low enough such that the sleeves 824 heat 
conduction from the hot side 922 to the cold side 923 is 
substantially negligible compared to KAT where K is the 
thermal conductance of the TE element 902. In one embodi 
ment, the sleeves 924 are formed of Solid thermoelectric 
material. 

0087. The pumps 909 cause the heat transfer fluids to 
move through the channels 910, forming the thermoelectric 
elements 902 as they flow between the substrates 922, 923, 
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and to flow through the finned heat tubes 908. In the present 
embodiment, the flow of the heat transfer fluids 911, 912 
convects heat from the cool side heat sink 906 to the hot side 
heat exchanger 907 under the action of the pumps 909. 
Within the hot side heat exchanger 907, heat is transferred 
to air or gas 932 entering at the left at temperature TA and 
exiting at the right at temperature T. The two pumps 909 
and two separate finned tubes 908 carry, electrically isolated 
from one another, the two heat transfer fluids 911, 912. The 
heat transfer fluids 911, 912 paths each are constructed to 
have high electrical resistance between the Several con 
nected fluid paths. So that the required Voltages can be 
applied across the TE elements 902 and the circuitry 925, 
without Significant parasitic losses. 
0088. It should be noted that different portions of the 
thermoelectric array may be configured with different types 
of convective heat transfer, or no convective heat transfer. 
For example, in one embodiment, the heat transfer mecha 
nism of FIGS. 8 and 9 may be combined, using the steady 
state convection of FIG. 8 for a portion of the array and the 
steady state convection of FIG. 9 for another portion of the 
array. In one embodiment, one configuration is used for the 
n-type thermoelectric elements and another configuration is 
used for the p-type thermoelectric elements. 
0089 FIGS. 10 through 15 depict different embodi 
ments of TE elements that can be used in place of the porous 
elements described in FIG. 8. Preferably, with these 
embodiments, the fluid and Solid elements are designed to 
have minimal temperature differences between them and the 
convective medium at any point within the TE elements. 
0090 FIG. 10 shows a portion 1001 of a TE element 
array for use in a system such as that shown in FIG.8 with 
a hot side Substrate 1002, a cold side Substrate 1003, 
circuitry 1006, holes 1005 through the Substrates and cir 
cuitry, and a plurality of hollow, solid TE elements 1004. 
The heat transfer liquid (which may be liquid TE material or 
another non-TE material fluid) enters holes in the cool side 
at temperature T and exits the hot side at temperature T. 
The TE element 1004 (not to scale) has a large enough 
interior surface area compared to the interior hole 1007 
diameter and its wall thickneSS So that there is minimal 
temperature difference between the element wall and the 
convective medium in the internal hole 1007 at any selected 
position along the direction of fluid flow (e.g., as indicated 
by the line 1008). 
0091 FIG. 11 shows a portion 1101 of a thermoelectric 
array like that of FIG. 10 with a hot side substrate 1102, a 
cold side substrate 1103, circuitry 1106, holes 1105 through 
the substrates and circuitry, and a plurality of hollow TE 
elements 1104. FIG. 11 illustrates a heat transfer feature. 
One particular example is a flow-disturbing feature to mix 
the flow, such as spiral vanes 1108 placed inside the hollow 
(e.g., tubular) TE elements 1104. The vanes serve to spin and 
mix the heat transfer fluid 1109 thereby increasing the heat 
transfer from the TE elements 1104 to the heat transfer fluid 
1109. Another example of a flow-disturbing feature is 
grooves, like rifling on a gun, placed on the inside of the 
hollow TE elements 904. Any feature that improves heat 
transfer between the thermoelectric elements and the con 
vective medium as it flows past or through the TE elements, 
provided that it does not greatly inhibit flow, will suffice. 
0092 FIGS. 12A and 12B depict a construction of a TE 
array 1201 in which the TE elements form concentric tubes 

Oct. 17, 2002 

1214-1216. FIG. 12A depicts a top view of the thermoelec 
tric elements 1214, 1215 and 1216 only. FIG. 12B shows a 
cross-section through B-B of FIG. 12A, and adds the 
substrates 1202, 1203 and circuitry 1206 along with fluid 
flow from bottom to top. The TE array 1201 has hot and cool 
side substrates 1202 and 1203, circuitry 1206, and the 
concentric tubes 1214, 1215, and 1216. The holes in the 
circuitry and substrate 1205 are aligned with the annular 
gaps 1217 between the concentric tubes 1214, 1215, 1216. 
Heat transfer fluid 1218 passes through the annular gaps 
1217. In FIG. 12, three concentric tubes are shown as an 
example. In this example, the tubes may alternate concen 
trically between p-type and n-type. Alternatively, the con 
centric tubes may each be of the same conductivity type, 
with the counter-type thermoelectric elements formed of 
another Set of concentric tubes of the opposite type of 
thermoelectric material. The number of concentric tubes can 
be any practical number. Furthermore, the heat transfer fluid 
1218 can also be directed along the outside diameter of the 
largest tube. Again, the tubes 1214, 1215, and 1216 are 
designed to be close to thermal equilibrium with the fluid 
1218 along any line 1219 parallel to and between the 
Substrates 1202 and 1203. 

0093 FIG. 13 shows a TE array 1301 constructed with a 
plurality of solid TE elements 1304 around which heat 
transfer fluid 1307 flows. The TE array 1301 is constructed 
like those described above having hot and cool side Sub 
strates 1302 and 1303, circuitry 1306 and holes 1305 in the 
circuitry and substrates to allow the heat transfer fluid 
(convective medium) 1307 to flow through the array. 
0094 FIGS. 14A and 14B show a portion of a TE array 
1401 constructed like that of FIG. 13 with the addition of a 
heat transfer feature. In this embodiment, the heat transfer 
feature is between the TE elements 1304. In this Figure, the 
heat transfer feature is a flow-disturbing feature, Such as 
vanes 1407. One example is depicted in FIG. 14B. The 
vanes 1407 serve to duct the heat transfer fluid 1408 in a 
Spiral path thereby increasing the heat transfer. Thermal 
insulation 1409 can be placed around the space that encloses 
vanes 1407 to further duct the fluid 1408 and enhance heat 
transfer. As with FIG. 11, other features that improve heat 
transfer between the thermoelectric elements and the con 
vective medium are possible. 
0.095 FIG. 15 shows a portion of a TE array 1501 
constructed similar to that of FIG. 10 with hot and cold side 
substrates 1002 and 1003, circuitry 1006 but with the TE 
elements 1504 allowing fluid to move through them by 
constructing them with a honeycomb configuration as 
depicted in FIG. 15B. The large surface area of the honey 
comb increases the heat transfer to the heat transfer fluid 
1505. 

0096. In the embodiments described above in which the 
heat eXchanger is described, fins and finned tubes have been 
used as examples. Many other heat eXchanger designs can be 
used, such as those described in Kays, William M., and 
London, A. L., Compact Heat Exchangers, McGraw-Hill, 
1984. 

0097. In the embodiment described in FIG. 9, the heat 
transfer fluid is liquid TE material while in the other 
embodiments, the heat transfer fluid is some other fluid Such 
as air or water, or a slurry of TE materials and Suitable 
media. Furthermore, a Solid heat transfer material can also 



US 2002/0148234 A1 

be employed. FIGS. 16A and 16B show one embodiment 
using a solid heat transfer material. FIG. 16A shows a plan 
view of the apparatus. FIG. 16B is sectional view from 
16B-16B of FIG. 16A. ATE array 1601 is constructed with 
TE elements 1605 that are connected in series with circuitry 
1606. Voltage, V is applied between the ends of the series 
circuit. A plurality of TE elements 1605 are arrayed with 
Spaces between them. Filling each space is a heat transfer 
ring 1604 that has a plurality of circumferential ridges 1608 
(like teeth) that fit within the space between the TE elements 
1605. The remaining space between the TE elements 1605 
and the heat transfer ring's ridges 1608 is filled with a 
thermally conducting lubricant 1607. The heat transfer ring 
1604 is made from a material Such as a metal-epoxy com 
posite that has high thermal conductivity axially and radi 
ally, and low thermal conductivity circumferentially. AS 
viewed in FIG. 16A, the ring 1604 rotates about its center 
in a counter-clockwise direction. A duct 1609 with inlet 
1602 and outlet 1603 for the fluid to be heated 1610 
surrounds that portion of the heat transfer ring 1604 that is 
not in thermal contact with the TE array 1601. It thereby 
creates a barrier so that the fluid 1610 is prevented from 
passing through the TE array region 1611. The fluid 1610 at 
temperature TA enters the duct 1609 at inlet 1602 and flows 
clockwise in FIG. 16A around the heat transfer ring exiting 
at the outlet 1603 at temperature T Thus the ring 1604 and 
duct 1609 form a reverse flow heat exchanger. As the heat 
transfer ring 1604 rotates counter-clockwise, it is heated in 
the region of the TE array 1601. The flow rate of the fluid 
1610 and the rotational rate of the heat transferring 1604 are 
Such that as the fluid 1610 flows clockwise, heat is trans 
ferred from the heat transfer ring 1604 to the fluid 1610 
thereby cooling back to a temperature near TA that portion 
of the heat transfer ring 1604 that is about to re-enter the TE 
array 1601. Aheat pipe 1612 convects heat from an external 
heat sink to the cold side of the TE elements 1605. 

0098. With the configurations of FIGS. 11-16, it is pref 
erable for efficiency gains that there is little or no tempera 
ture difference between the convective medium passing 
between the thermoelectric elements and the temperature of 
the thermoelectrics at any location generally perpendicular 
to the direction of flow. Preferably, the thermal conductivity 
of the added components in total results in a Sufficiently 
Small increase in TE element thermal conductivity So that 
the loSS in performance from these Sources is acceptable. 
This provides for improved system efficiency. 

0099. The previous concepts that improve heating can be 
modified to improve cooling as well. AS noted above, while 
the equation for cooling (21) is similar to that for heating 
(22), the minus sign in the I’R term restricts conditions for 
which improvement occurs and limits its magnitude. 

0100 Based on theoretical analysis that parallels that of 
Goldsmid, the optimum theoretical COP, 6(ö) can be 
written as; 

V1 + Z8)T(0) - 1 - (0); (26) 
dim(0) = ( )—is AT V1 + Z8)T(0) + 1 
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-continued 

I(0) = - V 1 + Z(o)T - 1 (27) 
" R 1 zot. 1 

where; 

zo)=- (28) 
(c) = RK(0) 

T = T. + SAT (29) 

0101 Similarly, the COP, Ø (ö) for maximum cooling 
q.(8) can be written as; 

0102) If, in Equations 26 and 30, 8 goes to zero the results 
become Equations 9 and 10, so the difference is due to 6, as 
expected. 
0103) As noted above, ö is restricted by the condition that 
the cooling power q, must equal or be greater than 
CpMAT, the cooling power required by the fluid flow. This 
allows efficiency gains of up to about 50% in most circum 
stances of practical importance, when compared to tradi 
tional designs. The configurations for cooling can be similar 
to that for heating versions depicted in FIGS. 8B through 
15. Note that the electrons flow in the opposite direction to 
that of heating, or the thermal power is extracted from the 
opposite (cold) side. 
0104 Generally, the TE system generates both cold and 
hot side thermal power. In heating, the cold side waste power 
must be dealt with, and in cooling the hot waste power must 
be handled. For example, in Amerigon Incorporated's cli 
mate control Seat (CCS) System, air from a fan is split So that 
a fraction, m goes to the Side which cools or heats the 
occupant of the Seat and the balance, 1-m, is ducted away 
way from the Seat and occupant. 
01.05 Such a CCSTE system 1700 is shown in FIG. 17. 
Herein the air 1709 that is cooled (or heated) and supplied 
to the occupant is identified as the main side and the air 1710 
that contains the thermal power to be ducted away is the 
waste side. In this design, a TE assembly 1701 similar to that 
shown in FIG. 1 is in good thermal contact with main side 
copper fins 1702 and waste side copper fins 1703. Voltage V 
1711 is applied to the TE assembly 1701. The polarity of the 
voltage 1711 determines whether the main side is cooled or 
heated. A fan 1704 forces air 1712 at ambient temperature 
T, into the inlet duct 1705. The geometry of the TE system 
1700 divides the total flow to pass a fraction of it through the 
main side fins 1702 to the main exit duct 1706 and a 
somewhat larger fraction through the waste side fins 1703 to 
the waste exit duct 1707. When operating in the cooling 
mode, the main side air 1709 is cooled and the waste side air 
1710 is heated. The housing 1708 is constructed so as to 
minimize both thermal losses to the environment and heat 
transfer between the main and waste Sides. 

0106) The efficiency and AT of the TE system 1700 
depicted in FIG. 17 increases by using convective heat 
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transport in accordance with the present invention for 
example as shown by TE system 1800 in FIG. 18. In FIG. 
18, a TE assembly 1801 is constructed with a main side 
substrate 1802 and a waste side substrate 1803 sandwiching 
a plurality of elongated TE elements 1804. TE elements may 
be porous, or have other configurations described above 
which permits fluid to flow through the TE element. Other 
configurations shown above may also be applicable with 
slight variations. The TE elements 1804 are connected by 
circuitry 1805. Voltage V 1812 is applied to the TE assembly 
1801. The polarity of the voltage 1812 determines whether 
the main side is cooled or heated. A fan 1806 forces air 1813 
at ambient temperature T into the inlet 1807. The air from 
the inlet 1807 is introduced circumferentially to the TE array 
1801 near the centers 1808 of the porous TE elements 1804, 
a point on the TE elements 1804 that is near ambient 
temperature TA. A portion of the air 1814 is ducted by a 
manifold and air passage 1809 through space between the 
TE elements 1804 and is collected and exits at the main side 
outlet 1810 and the remaining portion of the air 1815 is 
ducted to the waste side outlet 1811. COP and mass flow 
fraction on the main side can be 30-70% larger than with the 
traditional design. 

0107 The embodiment of FIG. 18 could also provide for 
flow from a point at about ambient temperature between the 
colder Side and the hotter Side along the outside of the 
thermoelectric elements rather than or in addition to flow 
through the thermoelectric elements. In other words, a 
convective medium may flow from a point between the 
hotter side and the colder side along the thermoelectric 
elements toward both the hotter side and the cooler side. 
Similarly, in the embodiment of FIG. 18, with the convec 
tive material entering from between the hotter Side and the 
colder side, flow could be toward one or the other sides. 

0108. The embodiments described above as examples 
may be connected to a control System for the purpose of 
adjusting System performance based on, for example, user 
inputs, external conditions, or conditions within the System 
itself. These conditions, some or all of which may be 
present, include external temperatures or flows, internal 
temperatures or flows, and user Selectable inputs to manu 
ally achieve predetermined or dynamically determined per 
formance of the system. FIG. 19 depicts, as a block diagram, 
one example of such a control system 1900. 

0109) The control system has a control circuit 1901 
coupled to user selectable inputs 1902, a user interface 1903, 
external sensors 1904, internal sensors 1905, TE element 
power regulators 1906, actuators 1907 and flow controls 
1908. Any one or more of the items connected to the control 
circuit 1901 may be provided or not provided in any given 
design. Generally, the control circuit 1901 is an electronic 
circuit that can be as Simple as a wiring harneSS or as 
complex as a programmable micro-controller circuit with 
many inputs and outputs. Virtually any manual input device 
may be connected; for example these inputs can be simple 
on/off Switches, multi-position Switches, potentiometers, 
keyboards or other user Selectable devices. A user interface 
1903 employing for example, a display, indicator lights, or 
audible prompts can be provided for the user Selectable or 
configurable inputs. 

0110 External conditions are sensed by external sensors 
1904. These sensors are, for example, sensors of ambient 
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conditions, or inlet or outlet fluid temperatures. Internal 
conditions are Sensed by Sensors and include, for example, 
TE currents, TE voltages, fluid flow rates, or internal fluid 
temperatures. 

0111 Advantageously, through the user interface 1903, 
the conditions monitored or actuation levels for the condi 
tions monitored via the sensors 1902 and 1904 can be 
modified to customize the TE system for its particular 
application or the particular condition to which it is Sub 
jected at any given time. The sensors 1902, 1904, and 1905 
are monitored by control circuitry 1901 which, using hard 
ware or Software relationships (whose nature depends upon 
the application), causes adjustments to be made to the 
System in accordance with the Sensor inputs. When System 
complexity warrants it, an algorithm may be employed 
within the control circuitry or its software. 

0112 The control circuitry 1901 can provide electrical 
outputs to a variety of devices that can adjust for example, 
power to the TE elements, resistance of TE elements, or flow 
of fluids. Power to the TE elements may be varied for all TE 
elements at once, or individually. For example, Voltage or 
current regulators 1906 may be utilized. TE resistances may 
be adjusted by means of mechanical actuators 1907. Flow 
rates may be adjusted by means of for example, Vanes, 
valves, pump speeds, or fan speeds 1908. It should be noted 
that the control System may also be as Simple as a user 
adjusting a Switch or thermostatin response to a temperature 
Sensed by the user. 

0113 An advantage of this type of system is that it 
permits the thermal power generated by the TE system to be 
varied as desired to achieve improvement in efficiency or 
power output by taking into account not only expected user 
preferences and conditions, but also the changes in them that 
occur from time to time. The devices used to accomplish the 
Sensory inputs, the user interface, the flow controls and the 
power regulation can be via commercially available devices, 
Straightforward customization of Such devices, or Special 
custom components. 

0114 Examples of ways to adjust the resistances of liquid 
or slurried TE elements are depicted in FIGS. 20A through 
20D. These examples may be used in the construction of the 
embodiment described above in FIG. 9. Advantages of 
changing the resistance are described in co-pending patent 
application Ser. No. 09/844,818, file on Apr. 27, 2001 
entitled Improved Efficiency Thermoelectrics Utilizing 
Thermal Isolation, by the Same inventor, which is incorpo 
rated by reference herein. 

0115 FIG. 20A shows a portion of a TE element array 
2001 in which the resistance of the TE elements 2002 is 
changed by adjusting their active lengths. In this example, 
telescoping sleeves 2003 and 2004 are utilized. The upper 
portion 2005 has an upper substrate 2007, circuitry 2009 to 
electrically connect the TE elements, and the upper sleeve 
2003. The lower portion 2006 has the lower substrate 2008, 
circuitry 2009, and the lower sleeve 2004. The TE elements 
2002 are liquid or slurried TE material that is confined 
within the low thermal conductivity, electrically insulative 
upper sleeve 2003 and lower sleeve 2004. A seal is formed 
between the outer surface of the upper sleeve 2003 and the 
inner Surface of the lower sleeve 2004. An actuator 2010 
(represented by the arrow) moves the lower portion 2006 
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toward (decreasing TE element lengths and therefore resis 
tance) or away from the upper portion 2005 that is stationary 
in this example. 

0116 FIG. 20B shows a portion of a TE element array 
2031 constructed with substrates 2007 and 2008, liquid or 
slurried TE material 2002, circuitry 2009, a pump 2034, and 
a pressure control valve 2035. In FIG. 20B, the telescoping 
sleeves (of the device in FIG. 20A) are replaced with 
elastomeric tubes 2033 that are deformed under the action of 
the pump 2034 and the pressure control valve 2035. As the 
pressure is adjusted upward the sleeves 2033 bulge, thereby 
increasing the cross-sectional area of the TE elements 2002 
thus decreasing their electrical resistance. This in turn can 
change the efficiency, thermal power transfer, and fluid flow 
in the TE system 2031. 

0117 FIG. 20O shows a portion of a TE element array 
2041 with a composite, flexible sleeve 2043 that deforms 
outward from the tube interior when Subjected to an axial, 
compressive deflection load applied by actuator 2010. In 
FIG.20C, only one end of the lower substrate 2008 and its 
circuitry 2009 moves so as to change the length and cross 
sectional area of the rightmost TE elements 2002 more than 
those at the left. This changes the resistance of all but the 
leftmost element and does So in an approximately linear 
fashion. 

0118 FIG. 20D shows a portion of a TE element array 
2051 constructed like that of FIG. 20O but which has a 
flexible substrate 2052, flexible lower circuitry 2053, and a 
plurality of actuators 2010. The actuators 2010 adjust the 
lengths of sectional areas of TE elements 2002 or of sections 
of TE elements either individually or as groups. 

0119 Many other designs that employ convection are 
possible. The goal is to have the material to be cooled and/or 
heated able to convect efficiently the thermal power gener 
ated to enhance the operation of that Side. Generally, o 
increase efficiency, the ratio of convection to conduction, Ö, 
should be as large as is allowed by the available thermal 
power produced. Current and TE geometry are adjusted to 
meet design needs of both initial cost and operating costs. 
Solids, liquids and gasses can be used alone, or in combi 
nation to transport the thermal power. 

0120) The concepts and designs that were discussed in 
the context of heating apply to cooling as well. In many 
designs the same device can be used in both the cooling and 
heating mode with very little, if any, physical change to the 
system. For example, the modified CCS system presented in 
FIG. 18 could be used in both heating and cooling mode by 
adjusting current flow and direction and varying fan Speed. 

0121 To optimize overall performance operation in both 
cooling and heating, design tradeoffs are made and it is 
advantageous to allow material movement or fluid rates to 
vary, along with current, and independently, with the pro 
portions of flow to the cold and hot sides. 

0122) It should be noted that the N-and P-type TE ele 
ments are made up of TE materials that have been drawn 
equal in Size and shape. However, they need not be equal in 
Size and shape to achieve optimum efficiency. The preferred 
requirement for efficient functionality is that; 
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Ln Ap -(E) (31) 

0123 where; 
0.124 L=TE element length 
0.125 a-TE element cross sectional area 
0.126 p=material electrical resistivity 
0127 2-material thermal conductivity 

0128. For optimum efficiency, Equation 31 should be 
Satisfied, and the geometry should deliver the required 
thermal power. The shape of the P and N elements can differ 
to achieve other design purposes. For example, only the P 
element could be liquid and convect thermal power, or 
alternately, only the N elements could be porous. Generally, 
System efficiency is compromised if not all elements use 
convection but efficiency gains over conventional Systems 
would still be obtained. Considerations Such as cost, mate 
rial availability, etc. would dictate appropriate design 
choices and final configuration. 
0129. Where the TE material itself moves and thereby 
transports its thermal power, the thermal differences (ther 
mal lags) that arise when thermal power transfers from one 
part to another are eliminated. Such lags tend to reduce 
efficiency unless there is a corresponding gain to Some other 
part of the System. 
0.130. As mentioned above, several different embodi 
ments and configurations in accordance with the present 
invention have been described above. The embodiments are 
intended to be exemplary rather than restrictive. Variations 
and combinations of the above embodiments may be made 
without departing from the invention. Accordingly, the 
invention is defined by the following claims and their 
equivalents. 

What is claimed is: 
1. A thermoelectric System comprising: 
A plurality of thermoelectric elements forming a thermo 

electric array with at least one first Side and at least one 
Second Side exhibiting a temperature gradient between 
them during operation, wherein at least a portion of the 
thermoelectric array is configured to permit flow of at 
least one convective medium through the at least a 
portion of the array to provide generally steady-state 
convective heat transport toward at least one Side of at 
least a portion the thermoelectric array. 

2. The thermoelectric system of claim 1, wherein the at 
least one convective medium flows through at least Some of 
the thermoelectric elements. 

3. The thermoelectric system of claim 2, wherein at least 
Some of the thermoelectric elements are permeable. 

4. The thermoelectric system of claim 3, wherein at least 
Some of the thermoelectric elements are porous. 

5. The Thermoelectric system of claim 2, wherein at least 
Some of the thermoelectric elements are tubular. 

6. The Thermoelectric system of claim 2, wherein at least 
Some of the thermoelectric elements are a honeycomb 
Structure. 



US 2002/0148234 A1 

7. The thermoelectric system of claim 2, wherein the 
convective medium flows through at least Some of the 
thermoelectric elements in a single general direction. 

8. The thermoelectric system of claim 7, wherein the 
convective medium flows generally from between the first 
and the second sides toward the first side or toward the 
Second Side. 

9. The thermoelectric system of claim 2, wherein the 
convective medium flows generally from the first side to the 
Second Side. 

10. The thermoelectric system of claim 2, wherein the 
convective medium flows generally from the Second Side to 
the first side. 

11. The thermoelectric system of claim 2, wherein the 
convective medium flows through at least Some of the 
thermoelectric elements in at least two general directions. 

12. The thermoelectric system of claim 11, wherein the 
convective medium flows generally from between the first 
side and the second side toward the first side and toward the 
Second Side. 

13. The thermoelectric system of claim 1, wherein the 
array is configured Such that the convective medium flows 
along at least Some of the thermoelectric elements. 

14. The thermoelectric system of claim 13, wherein the 
convective medium flows along at least Some of the ther 
moelectric elements in a Single general direction. 

15. The thermoelectric system of claim 14, wherein the 
convective medium flows generally from between the first 
side and the second side toward the first side or toward the 
Second Side. 

16. The thermoelectric system of claim 13, wherein the 
convective medium flows generally from the first side to the 
Second Side. 

17. The thermoelectric system of claim 13, wherein the 
convective medium flows generally from the Second Side to 
the first side. 

18. The thermoelectric system of claim 13, wherein the 
convective medium flows along at least Some of the ther 
moelectric elements in at least two general directions. 

19. The thermoelectric system of claim 18, wherein the 
convective medium flows generally from between the first 
side and the second side toward the first side and toward the 
Second Side. 

20. The thermoelectric system of claim 13, wherein at 
least Some of the thermoelectric elements form concentric 
tubes with the convective medium flow between the con 
centric tubes. 

21. The thermoelectric system of claim 20, wherein the 
tubes concentrically alternate between p-type thermoelectric 
material and n-type thermoelectric material. 

22. The thermoelectric system of claim 20, wherein a first 
Set of concentric tubes are of the Same first type of thermo 
electric material, and a Second Set of concentric tubes are of 
the same Second type of thermoelectric material. 

23. The thermoelectric system of claim 1, wherein at least 
part of the convective medium is thermoelectric material, 
Said convective medium thermoelectric material also form 
ing at least Some of the thermoelectric elements. 

24. The thermoelectric system of claim 1, wherein at least 
part of the convective medium is thermoelectric material, 
Said convective medium thermoelectric material forming a 
first portion of at least Some of the thermoelectric elements, 
and a Solid thermoelectric material forming a Second portion 
of the Same thermoelectric elements. 
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25. The thermoelectric system of claim 24, wherein the 
Solid thermoelectric material is tubular, and the convective 
medium thermoelectric material flows through the solid 
tubular thermoelectric material, the combination forming the 
at least Some thermoelectric elements. 

26. The thermoelectric system of claim 1, wherein at least 
part of the convective medium is a fluid. 

27. The thermoelectric system of claim 26, wherein at 
least a portion of the convective medium is air. 

28. The thermoelectric system of claim 1, wherein at least 
part of the convective medium is a Solid. 

29. The thermoelectric system of claim 1, wherein at least 
part of the convective medium is a mixture of fluid and Solid. 

30. The thermoelectric system of claim 1, wherein a first 
plurality of the thermoelectric elements are configured for 
convective heat transport of a first type and a Second 
plurality of the thermoelectric elements are configured for 
convective heat transport of a Second type. 

31. The thermoelectric system of claim 30, wherein the 
first plurality are thermoelectric elements of a first conduc 
tivity type and the Second plurality are thermoelectric ele 
ments of a Second conductivity type. 

32. The thermoelectric system of claim 1, wherein at least 
Some of the thermoelectric elements do not utilize convec 
tion. 

33. The thermoelectric system of claim 32, wherein the 
thermoelectric elements that do not utilize convection are of 
a first conductivity type and wherein the thermoelectric 
elements that utilize convection are of a Second conductivity 
type. 

34. The thermoelectric system of claim 1, wherein at least 
a portion of the array comprises at least one heat transfer 
feature that improves heat transfer between at least Some of 
the convective medium and at least Some of the thermoelec 
tric elements. 

35. The thermoelectric system of claim 34, wherein at 
least Some of the thermoelectric elements are tubular, and 
wherein the heat transfer feature is inside at least Some of the 
tubular thermoelectric elements. 

36. The thermoelectric system of claim 34, wherein the 
heat transfer feature is between at least Some of the ther 
moelectric elements. 

37. The thermoelectric system of claim 34 wherein the 
heat transfer feature is a convective medium flow disturbing 
feature. 

38. The thermoelectric system of claim 1, wherein the 
System is used for cooling. 

39. The thermoelectric system of claim 1, wherein the 
System is used for heating. 

40. The thermoelectric system of claim 1, wherein the 
System is used for both cooling and heating. 

41. A method of improving efficiency in a thermoelectric 
System having a plurality of thermoelectric elements form 
ing a thermoelectric array having at least one first Side and 
at least one Second Side exhibiting a temperature gradient 
between them during operation of the thermoelectric array, 
the method comprising the Step of actively convecting heat 
through at least a portion of the array in a generally 
Steady-state manner. 

42. The method of claim 41, wherein the step of convect 
ing heat comprises flowing at least one convective medium 
through at least a portion of the thermoelectric array. 
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43. The method of claim 42, wherein the step of flowing 
comprises flowing at least Some of the convective medium 
through at least Some of the thermoelectric elements. 

44. The method of claim 43, wherein at least Some of the 
thermoelectric elements are permeable. 

45. The method of claim 44, wherein at least Some of the 
thermoelectric elements are porous. 

46. The method of claim 43, wherein at least Some of the 
thermoelectric elements are tubular. 

47. The method of claim 43, wherein at least Some of the 
thermoelectric elements are a honeycomb structure. 

48. The method of claim 42, wherein the step of flowing 
comprises flowing the convective medium generally from 
the first side to the second side. 

49. The method of claim 42, wherein the step of flowing 
comprises flowing the convective medium generally from 
between the first side and the second side toward the first 
Side or toward the Second Side. 

50. The method of claim 42, wherein the step of flowing 
comprises flowing the convective medium in at least two 
general directions. 

51. The method of claim 50, wherein the step of flowing 
comprises flowing the convective medium generally from 
between the first side and the second side toward the first 
Side and toward the Second Side. 

52. The method of claim 51, wherein the step of flowing 
comprises flowing at least Some of the convective medium 
through at least Some of the thermoelectric elements. 

53. The method of claim 51, wherein the step of flowing 
comprises flowing at least Some of the convective medium 
along at least Some of the thermoelectric elements. 

54. The method of claim 43, wherein at least Some of the 
thermoelectric elements form concentric tubes, the Step of 
flowing comprising flowing at least Some of the convective 
medium between the concentric tubes. 

55. The method of claim 42, wherein thermoelectric 
material comprises at least a portion of the convective 
medium, further comprising the Step of forming at least 
Some of the thermoelectric elements with Said convective 
medium. 

56. The method of claim 42, wherein a thermoelectric 
material comprises at least a portion of the convective 
medium, further comprising the Step of forming a first 
portion of at least Some of the thermoelectric elements with 
Said convective material. 

57. The method of claim 56, further comprising the step 
of flowing the convective medium thermoelectric material 
through other thermoelectric material in a hollow form, the 
combination of the flowing convective medium thermoelec 
tric material and the thermoelectric material in a hollow 
form forming the at least Some thermoelectric elements. 

58. The method of claim 42, wherein at least a portion of 
the convective medium is a fluid. 

59. The method of claim 58, wherein at least a portion of 
the convective medium is air. 

60. The method of claim 42, wherein at least a portion of 
the convective medium is a Solid. 

61. The method of claim 42, wherein at least a portion of 
the convective medium is a mixture of fluid and Solid. 

62. The method of claim 42, wherein the step of actively 
convecting heat comprises convecting heat through a first 
portion of the array in a first manner and through a Second 
portion of the array in a Second manner. 
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63. The method of claim 62, wherein the first portion of 
the array comprises a plurality of thermoelectric elements of 
a first conductivity type and the Second portion of the array 
comprises a plurality are thermoelectric elements of a Sec 
ond conductivity type. 

64. The method of claim 41, wherein at least Some of the 
thermoelectric elements do not utilize convection. 

65. The method of claim 64, wherein the thermoelectric 
elements that do not utilize convection are of a first con 
ductivity type and wherein the thermoelectric elements that 
utilize convection are of a Second conductivity type. 

66. The method of claim 41, wherein the thermoelectric 
array is used for cooling. 

67. The method of claim 41, wherein the thermoelectric 
array is used for heating. 

68. The method of claim 41, wherein the thermoelectric 
array is used for both cooling and heating. 

69. A thermoelectric System comprising: 
a thermoelectric array having a plurality of thermoelectric 

elements and having a at least one first Side and at least 
one Second Side exhibiting a temperature gradient 
between them during operation, wherein at least a 
portion of the thermoelectric array is configured to 
permit flow of at least one convective medium through 
the at least a portion of the array to provide generally 
Steady-state convection toward at least one side of at 
least a portion the thermoelectric array; and 

at least one control System, Said control System compris 
ing: 

at least one controller, 
at least one input coupled to at least one controller, and 
at least one output coupled to at least one controller and 

to Said thermoelectric array, Said output controllable 
by Said controller to modify at least one character 
istic of at least a portion of Said thermoelectric array. 

70. The thermoelectric system of claim 69, wherein the at 
least one characteristic impacts the convective heat trans 
port, and wherein the adjustment improves efficiency by 
adjusting the characteristic. 

71. The thermoelectric system of claim 69, wherein the 
control System varies movement of at least Some of the 
convective medium in response to Said input. 

72. The thermoelectric system of claim 69, wherein the 
control System varies at least the current through at least 
Some of the thermoelectric elements. 

73. The thermoelectric system of claim 69, wherein the at 
least one input comprises at least one external Sensor. 

74. The thermoelectric system of claim 69, wherein the at 
least one input comprises at least one Sensor internal to the 
thermoelectric array. 

75. The thermoelectric system of claim 69, wherein the at 
least one input comprises at least one Sensor internal to the 
thermoelectric array, at least one external Sensor and at least 
one user Selectable input. 

76. The thermoelectric system of claim 69, wherein the at 
least one input is a user Selectable input. 

77. The thermoelectric system of claim 69, wherein at 
least one controller operates in accordance with at least one 
algorithm responsive to the at least one input to control the 
at least one output. 


